Dimethyldioxirane (DMDO), a widely used oxidant in organic synthesis is considered an environmentally friendly oxygen transfer reagent because acetone is the only byproduct formed in its oxidation reactions. This work describes the isolation of the main constituents (terpenes) in the essential oils obtained from Tagetes lucida, Cymbopogon citratus, Lippia alba and Eucalyptus citriodora, their epoxidation with DMDO in acetone solution and the characterization of the resulting epoxides by GC-MS (EI) and NMR. This is one of the first reports involving the application of dioxirane chemistry to essential oils in order to generate modified compounds with potential uses in several areas of medicine and industry.
The use of dimethyldioxirane (DMDO), a member of a new class of three-membered ring peroxide containing oxidants, has increased notably in recent years due to its ability to do oxygen atom transfer reactions with a wide range of substrates, including C=C bonds [1] , C-H insertions in hydrocarbons [2] , as well as oxidations of atoms containing lone pairs of electrons, such as sulfides [3] and primary and secondary amines [4] . DMDO is also considered to be an environmentally friendly oxygen transfer reagent, and is attractive from the "green chemistry" [5] point of view due to its lack of toxic or harmful metals. DMDO's reactions occur under extremely mild and neutral conditions, and the only byproduct of its reactions is acetone, which can be easily removed. Thus, DMDO reactions do not require complicated purification procedures to obtain pure products.
This electrophilic oxygen transfer reagent is the reagent of choice for the epoxidation of both conjugated and unconjugated double bonds containing other functional groups, such as hydroxyls or carbonyls. Isolated double bonds are selectively and easily oxidized under mild conditions (0-25°C and neutral pH) [6] . On the other hand, allylic alcohols are oxidized frequently with tert-butyl hydroperoxide (TBHP) [7] in the presence of transition metals, which are necessary to initiate the reaction.
Typically, enones are epoxidized with alkaline hydrogen peroxide (H 2 O 2 ) [8] , but in some cases the hydrolyticallysensitive epoxide products open via a side reaction to form a diol. The three types of olefins mentioned above have been successfully oxidized with DMDO in high regio-and stereoselectivity.
Several methods for the generation of epoxides from alkenes have been developed, such as the Sharpless [9] and Jacobsen [10] catalytic epoxidations, the use of alternative routes involving the formation of intermediate halohydrins by using trichloroisocyanuric acid in aqueous acetone [11] and the use of peracids to generate both mono-and bisepoxides, as well as cleaved oxidation products. A system involving a hydrogen peroxide-dinuclear manganese (IV) complex and a carboxylic acid has been successfully employed for the efficient epoxidation of terpenes such as limonene, citral, carvone and linalool, while other sterically hindered terpenes (i.e., citronellal, -and-pinene) were epoxidized in low yields [12] . The selective oxidation of monoterpenes (i.e., limonene, terpinene, neryl acetate, geranyl acetate, citral and geranyl nitrile) with H 2 O 2 catalyzed by peroxotungstophosphate under biphasic conditions produced mono-and bisepoxides in good yields [13] . While alkene epoxidation has found widespread use in the total synthesis of natural products, there are very few reports in the literature of regioselective epoxidations of natural products with DMDO. Therefore, in this work, we have carried out the DMDO epoxidation of the main terpene constituents in the essential oils extracted from Tagetes lucida, Cymbopogon citratus, Lippia alba and Eucalyptus citriodora, which makes this one of the first reports where dioxirane chemistry has been applied to isolated components of essential oils.
Tagetes lucida (Asteraceae) is an endemic plant that is widely distributed in Central and South America, and is known in Colombia as "Estragón de invierno" [14] . Its extracts are reported to possess bactericidal [15] , antimycotic [16] and antioxidant [17] activities, but this plant has not been well studied from the chemical point of view. In Colombia, the essential oil extracted from this plant contains a large amount (93.8%) of a phenylpropanoid, estragole (1-allyl-4-methoxybenzene), which is present in many vegetables as a flavoring [18] .
Cymbopogon citratus (Poaceae) is known worldwide as the herb lemongrass, and is widely used in folk medicine due to its antimicrobial [19] , anti-inflammatory, antispasmodic [20] and antifungal [21] activities. The essential oil from lemongrass has been widely used in the perfume and cosmetics industries. It has also been used in chemical synthesis, due to its high citral (3,7-dimethyl-2,6octadienal) content. Citral exists as a natural mixture of two isomeric aldehydes, geranial and neral. Recently, some citral derivatives with potential bactericidal activity were generated using "green" thiol conjugate additions [22] . Citral is a polyfunctional molecule that mediates a wide number of chemical transformations, mainly epoxidation reactions.
Lippia alba (Verbenaceae) is a shrub widely distributed from Mexico to South America [23] and is known in Colombia as "Pronto alivio". L. alba essential oil and some organic and polar extracts have shown analgesic, antiinflammatory [24] , antifungal [25] , and antibacterial [26] properties. In Colombia the essential oil from this plant is distinguished by its high content of S-carvone [2-methyl-5-(1-methylethenyl)-2-cyclohexene-1-one] (40-57 %), a substance with a high-value for the perfume and cosmetics industries and as a starting material for fine organic synthesis [27] .
Eucalyptus citriodora (Myrtaceae) is an aromatic specie known as "lemon scented gum". Water extracts from dried leaves of E. citriodora are traditionally used as antipyretics, anti-inflammatory and analgesic [28] . E. citriodora essential oil has been shown to contain high concentration (70-80%) of citronellal (3,7-dimethyl-6octenal) [29] , which is effective against bacterial and fungal infections [30] . Besides, this compound is attractive from the stereochemical point of view since it can be used in an efficient way to introduce a new stereogenic center in more complex structures [31] .
As an important application of dioxirane chemistry to essential oils, this work describes the epoxidation of the main constituents of the essential oil from Tagetes lucida, Cymbopogon citratus, Lippia alba and Eucalyptus citriodora with acetone solutions of DMDO. In general, the importance of the derivatives generated is due to their polyfunctionality and the high reactivity of the oxirane ring. Such terpene epoxides can be readily transformed into alcohols, aldehydes, ketones and heterocycles, which give these terpene epoxides a promising position in terpene chemistry with future applications in industry and medicine.
The chemical composition and identity of the main constituents of the essential oils obtained from Tagetes lucida, Cymbopogon citratus, Lippia alba and Eucalyptus citriodora were determined by GC-MS (EI). The main constituent of the oil from T. lucida was estragole, which had a relative abundance of 93.8% and a retention time of 7.7 minutes. Citral was the main component of the oil from C. citratus. It had a relative abundance of 74% and retention times of 8.1 and 8.3 minutes for the isomers. Carvone was the main constituent of the oil from L. alba, with a relative abundance of 42% and a retention time of 7.9 minutes. Citronellal was the main constituent of the oil from E. citriodora with a relative abundance of 74% and a retention time of 6.7 minutes. All of the compounds were isolated in high purity (95%), which was confirmed by GC-MS.
The epoxidation of estragole, citral, carvone and citronellal with DMDO in an acetone solution afforded epoxyestragole 1, 6,7-epoxycitral 2a and 2b, 8,9-epoxycarvone 3 and 6,7-epoxycitronellal 4 (Figure 1 ), with greater than 95% conversion (confirmed by GC-MS). The resulting epoxides were stored at room temperature and evaluated at several points during the course of one year and found to be stable (data not shown). Estragole was chosen for DMDO epoxidation because it possesses allyl and methoxy substituents. The isolated double bond does not have electron-donating groups that would promote epoxidation. In addition, the electrondonating methoxy group (-OMe) bound to the aromatic ring does not have a direct influence on the olefin's reactivity. Under the conditions employed for the reaction, 1 was obtained in a short period of time (0.5-1 h) in 85% yield (101 mg). When this substrate and a series of other substrates, including unsubstituted styrenes and cycloalkenes, were epoxidized with aqueous H 2 O 2 and a polystyrene-supported triphenylarsine reagent, the moderately unstable epoxide products were isolated in poor yield [32] .
Kim, et al. [33] synthesized trans-anethole oxide from trans-anethole (an isomer of estragole) using an acetone solution of DMDO as the oxidizing reagent. This oxide was stable for one year, and reaction's yield was >95%. This yield was much better than that obtained by Mohan and Whalen [34] and Greca et al [35] , who used m-CPBA to oxidize the same substrate, but obtained low yields (38%) that were complicated by the presence of m-CPBA's acid byproduct. These results and estragole's structural characteristics provide evidence supporting the high reactivity of DMDO. Therefore, it is clear that this oxygen transfer reagent is the reagent of choice for the epoxidation of double bonds, including electron deficient olefins. The use of this oxidant offers a variety of advantages; it is generated from readily available reagents, it reacts to generate epoxides under mild conditions and its only byproduct is acetone and prevents the need for workup conditions that can cause the opening of the oxirane ring.
Another substrate chosen for DMDO epoxidation was citral, which is widely distributed in nature as a mixture of E/Z isomers. This substrate can undergo a wide range of reactions due to its multiple functional groups, including two trisubstituted double bonds, one of which is adjacent to a carbonyl group. One benefit of using this substrate is that the regioselectivity in the epoxidation of the 6,7 double bond versus the 2,3 double bond provides a measure of the relative rate of reaction of the two olefins that can be read from the ratio of the two possible monoepoxides (i.e., the 6,7 and 2,3 epoxides) because this is a simple intramolecular competition experiment. Although the two double bonds are trisubstituted, the inductive electron-withdrawing effect of the carbonyl group lowers the nucleophilicity of the 2,3 double bond, and if electronic properties are the decisive factor in the reactivity, then preferential epoxidation of the 6,7 double bond would be expected.
The 6,7-epoxycitral 2a, 2b was obtained as a mixture of diastereoisomers with an E/Z ratio of 50:50 which corresponds to the content in essential oil and in 87% yield (92 mg). The preferential epoxidation of the 6,7 double bond is probably due to its greater nucleophilicity, which is a consequence of its electron-donating alkyl substituents. Conversely, the reactivity of the 2,3 double bond is drastically reduced due to the electronwithdrawing effect of the conjugated carbonyl group, which results in much lower nucleophilicity. This result shows the electrophilic character of DMDO and its preference for electron-rich double bonds. In addition, the high conversion to the 6,7 monoepoxide indicates that the reaction's rate increases with the nucleophilic character of citral's terminal double bond due to the presence of its electron-donating substituents. The exclusive formation of the monoepoxide shows that the oxidation of the aldehyde function to a carboxylic acid did not occur under the reaction conditions employed, which indicates that DMDO promotes the epoxidation of the double bonds in preference to oxygen insertion.
Other studies have shown that under the same conditions used in our epoxidation of citral, the oxidation of geraniol (the allylic alcohol corresponding to the reduction of citral) with DMDO produces the 2,3 and 6,7 epoxides, as well as the bis-epoxide [36] . Clearly, the nature of the substrate is an important factor in determining the regioselectivity of the epoxidation reaction. In the case of geraniol, the formation of the 2,3 epoxide has been explained in terms of the stability gained from an intermolecular hydrogen bond formed by the hydroxyl and the DMDO molecule in the epoxidation transition state. The lack of 2,3 epoxycitral formation can be explained by the inductive electronwithdrawing effect of the carbonyl group, which lowers the nucleophilicity of the adjacent double bond. The resonance effect of the -unsaturated aldehyde also contributes to the decreased reactivity of the double bond. Finally, in the case of citral, the formation of a hydrogen bond between the substrate and the DMDO molecule is not possible.
The treatment of citral with H 2 O 2 in an alkaline medium in the presence of a phase-transfer catalyst gives rise to the formation of the 2,3 epoxide and 6-methyl-5-hepten-2-one, which forms as a result of the epoxide's decomposition [37] . Alternatively, treating citral with peracetic acid gives the 6,7-epoxy derivative and the (E/Z)-2,6-dimethyl-5,6epoxy-1-heptenyl isomers resulting from a Baeyer-Villiger side reaction [38] . The formation of the 6,7 derivative has also been reported in moderate yield (43%) by Woitiski [12] by reacting citral with a H 2 O 2 -dinuclear manganese (IV) complex of oxalic acid.
Carvone is another substrate chosen for DMDO epoxidation, which contains two electron-poor double bonds, the exocyclic double bond due to the low number of electron-donating alkyl substituents and the endocyclic bond due to the bearing electron-withdrawing effect of the carbonyl group. These carvone's structural characteristics allow to compare the reactivity of the two double bonds in an intramolecular competition experiment with this cyclic substrate. The results show the regioselectivity in the reaction of carvone with DMDO and the formation of the exocyclic monoepoxide 3 as the only product of the reaction in 80% yield (102 mg) and 50:50 diastereoselectivity. The selective epoxidation of the carvone exocyclic double bond corroborates that DMDO is a powerful reagent for the epoxidation of electron-poor double bonds. The lack of endocyclic oxirane formation demonstrates the low nucleophilicity of the enone double bond due to the carbonyl group electron-withdrawing effect.
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In the epoxidation of carvone under oxygen using Nickel(II) acetylacetonate as catalyst, (R)-(-)-carvone exhibited low reactivity due to long times reaction to obtain the exocyclic monoepoxide [39] . When the anhydrous hydrogen peroxide/alumina system is used, a high regioselectivity of the exocyclic monoepoxide (93.8%) and a low substrate conversion (8.7%) were observed, however, yields decreased to 0.8% in the absence of alumina catalyst [40] .
Citronellal is an aliphatic olefin which contains an aldehyde group and a terminal trisubstituted double bond. This substrate can be used as a chemoselectivity probe for DMDO epoxidation in terms of the aldehyde oxidation to carboxylic acid versus the double bond epoxidation. The results show the double bond oxidation leading to the formation of the diastereomeric epoxides in 84% yield (272 mg) and 50:50 ratio, confirming the high reactivity and chemoselectivity of DMDO to nucleophilic olefins. Similar results were obtained for the epoxidation of Citronellal with tert-butyl hydroperoxide (TBHP) and molybdenum catalyst in nonpolar and aprotic solvents, giving a mixture of diastereomeric epoxides with a 50:50 ratio and 71% yield [41] . 
Terpenes isolation:
The essential oils from T. lucida (800 mg) and L. alba (812 mg) were fractionated over a silica gel column eluting with n-hexane-chloroform (90:10) and increasing the polarity of the solvent to 50:50. Estragole (119 mg) and carvone (128 mg) were obtained with a purity of 95% as determined by GC-MS. The structure of each compound was identified by comparison of their mass spectrum (Wiley Registry of Mass Spectral Data) and was further confirmed by comparison to 1 H NMR data reported in the literature.
The essential oils from C. citratus (3 mL) and E. citriodora (3 mL) were distilled under reduced pressure (60ºC/550 mm Hg and 90ºC/550 mm Hg, respectively). Citral (106 mg) and citronellal (324 mg) were obtained with a purity of 95% as determined by GC-MS. The structure of citral and citronellal were identified by comparison of their mass spectrum (Wiley Registry of Mass Spectral Data) and was further confirmed by comparison to 1 H NMR data reported in the literature.
Preparation of DMDO in acetone solution:
A concentrated solution of DMDO in acetone (0.11 M) was prepared using Oxone (Caroate, 2KHSO 5 .KHSO 4 .K 2 SO 4 ), acetone and NaHCO 3 according to a previously reported literature procedure [42] . The DMDO concentration was determined by UV/Vis spectrophotometry.
General procedure for the epoxidation of terpenes with DMDO: Estragole, citral, carvone and citronellal were dissolved in acetone (1 mL) and 1.0-1.2 equiv. of DMDO (0.11 M solution in acetone) was rapidly added at 25 °C. The solution was stirred at this temperature and monitored by TLC and GC-MS until the peroxide test (KI/HOAc) was negative (total reaction time 0.5-1 h). The solvent was Dimethyldioxirane epoxidation of essential oils Natural Product Communications Vol. 6 (7) 2011 929 removed under reduced pressure to give the respective epoxides in high purity. The structure of the epoxides was confirmed with spectral data and comparison with spectral data reported in the literature of 1 [43] , 2a,2b [44] , 3 [45] and 4 [44] .
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